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ABSTRACT

A wavenumber-frequency spectrum analysis is performed for all longitudes in the domain 15°S-15°N using
along (~18 years) twice-daily record of satellite-observed outgoing longwave radiation (OLR), a good proxy
for deep tropical convection. The broad nature of the spectrum is red in both zonal wavenumber and frequency.
By removing an estimated background spectrum, numerous statistically significant spectral peaks are isolated.
Some of the peaks correspond quite well to the dispersion relations of the equatorially trapped wave modes of
shallow water theory with implied equivalent depths in the range of 12-50 m. Cross-spectrum analysis with the
satellite-based microwave sounding unit deep-layer temperature data shows that these spectral peaksin the OLR
are “‘coupled” with this dynamical field. The equivalent depths of the convectively coupled waves are shallower
than those typical of equatorial waves uncoupled with convection. Such a small equivalent depth is thought to
be a result of the interaction between convection and the dynamics. The convectively coupled equatorial waves
identified correspond to the Kelvin, n = 1 equatorial Rossby, mixed Rossby-gravity, n = 0 eastward inertio-
gravity, n = 1 westward inertio-gravity (WIG), and n = 2 WIG waves. Additionally, the Madden—Julian
oscillation and tropical depression-type disturbances are present in the OLR spectra. These latter two features
are unlike the convectively coupled equatorial waves due to their location away from the equatorial wave
dispersion curves in the wavenumber-frequency domain.

Extraction of the different convectively coupled disturbances in the time-longitude domain is performed by
filtering the OLR dataset for very specific zona wavenumbers and frequencies. The geographical distribution
of the variance of these filtered data gives further evidence that some of the spectral peaks correspond to
particular equatorial wave modes. The results have implications for the cumulus parameterization problem, for
the excitation of equatorial waves in the lower stratosphere, and for extended-range forecasting in the Tropics.

NOAA Aeronomy Laboratory, and Program in Atmospheric and Oceanic Sciences, University of Colorado, Boulder, Colorado

1. Introduction
a. Motivation

It has long been known that a large part of the syn-
optic variability in the Tropics is due to propagating
disturbances moving parallel to the equator. Such dis-
turbances organize individual convective elementson a
spatial scale that is larger than the size of the elements
themselves. Well-known examples are the westward
propagating synoptic-scale disturbances within the in-
tertropical convergence zones of the tropical ocean ba-
sins that were clearly visible in time-longitude plots of
cloudiness viewed from early satellites (e.g., Chang
1970). Other examples are now numerous, and such
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disturbances are of interest not only for their connec-
tions to the day-to-day weather of the Tropics, but aso
from a theoretical standpoint.

About the same time that the first views of tropical
cloudiness were received from satellites, a fundamental
advance in the understanding of tropical motions was
made, namely, the development of the theory of equa-
torialy trapped waves (Matsuno 1966; Lindzen 1967).
This theory has since been used to interpret some of
the observed propagating disturbances of organized
deep convection. Also in the 1960s, the first conclusive
observations of equatorially trapped waves in balloon-
measured winds of the equatorial lower stratosphere
were made (Yanai and Maruyama 1966; Wallace and
Kousky 1968). These stratospheric waves, which prop-
agate vertically into the middle atmosphere, have since
been proposed to play arolein forcing the quasi-biennial
oscillation (QBO; Lindzen and Holton 1968). The links
between the observed propagating systems of organized
tropical convection, the theory of equatorially trapped
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waves, and the observed equatorial waves of the lower
stratosphere have been the subject of much research and
arestill not fully understood (e.g., Holton 1972; Lindzen
1974; Chang 1976; Salby and Garcia 1987; Garcia and
Salby 1987; Hayashi and Golder 1994; Bergman and
Salby 1994; Hayashi and Golder 1997). For this reason
there continues to be considerable interest in the way
tropical convection isorganized in terms of its dominant
frequencies and wavenumbers.

The subject of this paper concerns the identification
of preferred time- and space scales of synoptic to plan-
etary zonally propagating waves in deep tropical con-
vection. The approach utilizes awavenumber-frequency
spectral analysis of satellite-observed outgoing long-
wave radiation (OLR), a proxy for cloudiness, and a
wavenumber-frequency cross-spectrum analysis with
satellite-derived deep-layer tropospheric temperatures.
Such methods are particularly useful for the separation
of phenomena in the time-longitude domain into west-
ward and eastward moving components. This analysis
is also conducive to dynamical interpretation in terms
of the dispersion relations of particular wave modes. It
is found that several statistically significant spectral
peaks in the wavenumber-frequency spectraare present,
some of which follow the dispersion curves of the equa-
torially trapped waves. We call the disturbances con-
tributing to these features *‘ convectively coupled equa-
torial waves,”” relying on the assumption that OLR is a
reasonably good representation of deep tropical cloud-
iness.

Previous studies have shown that the broad nature of
the spectra of tropical clouds is “red” in both zonal
wavenumber and frequency, but superimposed upon that
are some definite spectral peaks, some of which appear
to correspond to equatorial wave modes (e.g., Gruber
1974; Zangvil 1975; Takayabu 1994a). Here we are able
to extend the results of this earlier work by using a
much longer record (approximately 18 years) and a
higher temporal resolution (twice daily) dataset. We also
use a dataset that is available at all longitudes, thus
providing resolution at all planetary zona wavenum-
bers, estimate a red background spectrum against which
the statistical significance of the OLR signals can be
assessed, and utilize cross-spectra between OLR and
temperature to demonstrate dynamical coupling.

The make-up of this paper is as follows. Section 1b
briefly reviews the theory of equatorial waves. Section
2 describes the data and methodology. Section 3 pre-
sents the wavenumber-frequency spectraof the OLR and
describes our construction of ared background spectrum
for calculations of the significance of the different wave
disturbances. In that section we also show the cross-
spectra. Section 4 describes the results of performing a
wavenumber-frequency filter to the OLR data, from
which the geographical distribution of the variance and
time-longitude realizations of the convectively coupled
disturbances are presented. Section 5 provides a sum-
mary of the observational results and puts the distur-
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bances highlighted in this study into context with those
of previous studies. Finally, we end with a discussion
in section 6, and conclusions in section 7.

b. Equatorial waves

Since we attempt to associate the observed distur-
bances in the clouds with types of equatorially trapped
wave modes, it is worthwhile to briefly review the the-
ory of equatorial waves. Formally, equatorial wave the-
ory begins with a separation of the primitive equations,
linearized about a basic state with no vertical shear,
governing small motions in a three-dimensional strati-
fied atmosphere on an equatoria B-plane, into the ““ver-
tical structure’” equation and *‘ shallow water” equations
(e.g., Matsuno 1966; Lindzen 1967). The equatorial
wave modes are the zonally (and vertically) propagat-
ing, equatorially trapped solutions of the shallow water
equations, which are characterized by four parameters:
meridional mode number n, frequency v, planetary zon-
a wavenumber s, and ‘“‘equivalent depth” h of the
““shallow’ layer of fluid. The equivalent depthisrelated
to the internal gravity wave speed as ¢ = \/gh, and
appears as a separation constant linking the vertical
structure equation and the shallow water equations. Here
his also related to the vertical wavelength of free (dry?)
waves, as will be discussed in section 6, and to the
meridional scaling through the relation for the equatorial
Rossby radius, R, = (\/gh/B)*2, where 8 is the lati-
tudinal gradient of the Coriolis parameter.

Given the meridional mode number and wave type,
the theoretical dispersion relation will fully characterize
the wave provided two out of v, s, and h are specified.
It is presumed that tropical waves that are forced by,
and those that control, the convective heating are in-
ternal modes with wavelike vertical structures. The re-
sulting solutions of the shallow water equations are ei-
ther symmetric or antisymmetric about the equator. For
the divergence or temperaturefield, which ispresumably
related to the convection, modes of odd meridional
mode number n (as in Matsuno 1966) are symmetric,
whereas those of even n are antisymmetric. Of course,
the equivalent depth h that best matches the linear equa-
torial wave theory to the cloudiness signals is an im-
portant issue. We explore this issue in this study, and
present a more detailed discussion of the significance
of the equivalent depth in section 6. First we turn to

1We use the terminology ‘‘free” and “dry” interchangeably to
refer to internal waves that are freely propagating through the at-
mosphere without the continual release of latent heat through cloud
formation and precipitation. Although such internal modes must ini-
tially be *‘forced” by some mechanism such as the release of latent
heat in deep convection, their subsequent propagation is governed by
dry dynamics only. Such terminology is consistent with Gill (1982)
and Chang and Lim (1988), but somewhat different to that in Lindzen
(1967) or Holton (1970).



376

the observations of the convectively coupled waves,
which must, by definition, be observable in the clouds.

2. Data and methodology

The primary data used in this study consists of nearly
18 years of twice-daily estimates of outgoing longwave
radiation from the National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting satellites (Gru-
ber and Krueger 1984) extending from January 1979 to
August 1996. Such data have often been used to dis-
tinguish areas of deep tropical convection and asaproxy
for precipitation (e.g., Arkin and Ardanuy 1989). The
two grids per day are a mapping of the daytime and
nighttime passes of the satellite to the synoptic times of
0600 and 1800 Z. Such a mapping is accurate to within
6 h and is done in such a way that each synoptic grid
contains half daytime and half nighttime data. Before
the mapping to synoptic times, the daytime and night-
time passes were independently interpolated in space
and time to remove any missing values (Liebmann and
Smith 1996). The data from each scanning swath of the
satellite are archived on a 2.5° grid allowing represen-
tation of high wavenumber features. However, as the
sampling occurs in 14 swaths around the globe each
day, care must be taken in the interpretation of spectral
features around wavenumber 14, as well as wavenum-
ber-frequency features with phase speeds near and great-
er than the speed of the zonal passage of the sun-syn-
chronous orbits (464 m s 1). We are only interested in
slower-moving disturbances in this study.

Additional datasets used to further substantiate the
results are gridded daily for both averaged values of
deep-layer tropospheric temperatures and geopotential
heights at the 1000-hPa level for the 1979-93 period.
The deep-layer tropospheric temperatures are derived
from radiances measured by the microwave sounding
unit (MSU) that has been carried on the same series of
NOAA polar-orbiting satellites from which the OLR
measurements were made (Spencer et al. 1990). We
make use of both the M SU-derived |ower-tropospheric
(surface-300 hPa) temperature and upper-tropospheric
(500-100 hPa) temperature. The lower-tropospheric
temperature is based on a linear combination of MSU
channels 2 and 3 (hereafter denoted as M SU23) and the
upper-tropospheric temperature is based on a linear
combination of channels 3 and 4 (hereafter denoted as
MSU34). The averaging kernel for MSU23 peaks near
500 hPa and has most of its radiant energy originating
below 300 hPa. The surface contribution over the oceans
is very small. For MSU34 the peak in the averaging
kernel is near 250 hPa, and most of itssignal isreceived
from the 500—100-hPa layer. The MSU is essentially
insensitive to nonprecipitating clouds, either cirrus or
liquid phase clouds, although the radiances can be con-
taminated by precipitation-size ice particlesin deep con-
vection. Fortunately, the intense ice precipitation events
that affect the measured radiances are relatively infre-
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guent and are mostly screened out due to their isolated
nature and the scanning of the instrument (Spencer et
al. 1990). Thus the MSU provides a good means of
observing daily tropospheric temperature variations,
even in the presence of clouds and tropical convection.
Finally, daily averaged 1000-hPa geopotential heights
of the National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research
(NCAR) 40-Year Reanalysis Project are also used (Kal-
nay et al. 1996). Both the MSU and 1000-hPa geopo-
tential height data are on the same 2.5° lat X 2.5° long
grid as the OLR.

The method used for the first part of this study is
space-time spectral analysis. This technique is partic-
ularly useful for the study of zonally propagating waves
as it decomposes a field of data dependent on time and
longitude into wavenumber and frequency components
for eastward and westward propagating waves, as well
as zonal-mean fluctuations (Hayashi 1982). Since we
are interested in synoptic to intraseasona timescales,
our main results (those of the OLR power) are based
on spectral quantitiesthat have been calculated for many
successive overlapping (by 2 months) 96-day segments
of the multiyear OLR dataset. The results are not sen-
sitive to this overlap. To help prevent aiasing, the first
three harmonics of the seasonal cycleareremoved. Then
for each segment the mean and linear trend are removed
in time by aleast squares fit, and the ends of the series
are tapered to zero. The data windowing provided by
the tapering helps to minimize the effects of spectral
leakage, and the overlapping of segments minimizesthe
loss of data by the tapering. After tapering, complex
FFTs are performed in longitude to obtain Fourier co-
efficients (in zonal planetary wavenumber space) for
each time and for each latitude. Further complex FFTs
are applied in time to these coefficients to obtain the
wavenumber-frequency spectrum for each latitude. Fi-
nally, the OLR power is averaged over al available
segments of the 18-yr record, and is further summed for
the latitudes between 15°S and 15°N. The resulting ef-
fective bandwidth is 1/96 cycles per day (cpd) in fre-
guency, and 1 unit zonal wavenumber. The total number
of degrees of freedom (dof), treating each latitude and
each (nonoverlapping only) 96-day segment of the
17.67-yr OLR record as an independent realization, is
about 1750 (=2 X 13 X 17.67 X 365/96). As each
latitude cannot be considered to be independent, how-
ever, amore conservative estimate would be about 1000
dof. The dof are reduced accordingly when calculations
of power are made using the symmetric or antisym-
metric components of OL R (as defined below) only, and
also when the calculations of power do not use the full
18-yr record.

Cross-spectra are also obtained. They are done in a
similar way to the OLR power calculations just de-
scribed, except that in this case we use successive over-
lapping 128-day segments of the deseasonalized mul-
tiyear datasets, and the data are daily averaged. Aver-
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aging of the co- and quadrature-spectral quantities for
the many segments of the 15-yr record, and for the
latitudes between 15°S and 15°N, is performed prior to
creating the coherence-squared and phase. The effective
bandwidth is 1/128 cpd in frequency and 1 unit wave-
number. A conservative estimate of the number of dof
of these coherence calculations is about 600, and these
dof are split equally between the antisymmetric and
symmetric components (as defined below).

As mentioned, the method also makes use of an an-
tisymmetric—symmetric decomposition whereby the
gridded fields (e.g., OLR) that are afunction of latitude,
¢, can bewritten asOLR(¢) = OLRA(¢) + OLRS(¢),
where OLRA(¢) = [OLR(¢p) — OLR(—¢)]/2 is the
antisymmetric component, and OLRS(¢) = [OLR(¢)
+ OLR(—¢)]/2 is the symmetric component. As dis-
cussed in the previous section, linear equatorial waves
are either symmetric or antisymmetric about the equator
depending on the parameter considered. It is also the
case that, in such alinear decomposition, when the pow-
er in the antisymmetric and symmetric components are
summed, and also summed over the same latitudes in
both hemispheres, then this power is identical to the
power of the total field summed for the same latitudes.
By studying the latitudinally summed power of the an-
tisymmetric and symmetric components we are thus ac-
counting for all the variance of the total field for these
latitudes. Additionally, for the cross-power of antisym-
metric and symmetric components, the interpretation
must be in terms of the amount of the power explained
in one component only, not of the power of the total
field.

The OLR power spectral results that we present in
section 3 extend up to a planetary wavenumber 15 and
from a frequency of 1/96 cpd to 0.8 cpd, a range for
which we estimate that this dataset has useful infor-
mation. Due to the red nature of the calculated power
spectra, we are little concerned with the folding of high
wavenumber and frequency power about the Nyquist
limits. Only three obviously erroneous peaksin the pow-
er spectra could be detected within the range we studied.
These were at eastward wavenumber 14 and periods of
9 and 4.5 days, and also at westward wavenumber 14
and a period around 1.27 days. These spurious peaks
can be explained by the aforementioned 14 swaths re-
corded per day, the slow precession of the orbit that
takes about 9 days, and the folding of various harmonics
about the frequency of 0.5 cpd. For presentation pur-
poses, the OLR power estimates at these points in the
wavenumber-frequency domain were flagged as special
values and not plotted. The same flagging of special
values was applied to the cross-spectral results from the
MSU data as it too suffers from sampling biases of the
polar-orbiting satellites.

Another noteworthy characteristic of wavenumber-
frequency spectraisthat standing waves are represented
as equal amounts of variance, at a particular wave-
number and frequency, in both the westward and east-
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ward components. In this study, it is found that no sta-
tistically significant disturbances appear as both east-
ward and westward at the same wavenumber and fre-
quency, so there is no complication of standing waves
contributing to the spectral peaks.

Finally, the wavenumber-frequency filtering of the
OLR data, as presented in section 4, is performed by
taking the inverse of the space-time transform process
including only those Fourier coefficients that are within
the specified region of interest of the wavenumber-fre-
quency domain. Compared to the forward process de-
scribed above, however, we accomplish the inverse pro-
cess by first performing the forward process on the full
18-yr record rather than breaking up the time seriesinto
individual 96-day segments. In thisway we can retrieve
the filtered time-longitude data for the full record. Note
that we are again careful to taper the ends of the 18-yr
series to zero and remove the first three harmonics of
the seasonal cycle before this procedure. Also, sincethe
number of frequency bins increases with an increase in
the length of the series, the minimum number of co-
efficients included in any of the specified regions of the
wavenumber-frequency domain used for filtering is 735.
Thislarge number of coefficientsincluded in theinverse
transform process helps to prevent “‘ringing’” of the fil-
tered data, as can be seen in the time-longitude plots of
the filtered data in section 4.

3. Wavenumber -frequency spectra
a. Raw OLR power spectra

Figures 1a and b show contours of the logarithm of
the power in the antisymmetric and symmetric com-
ponents of OLR, respectively. The most striking feature
of these spectra is their very red nature in both wave-
number and frequency, although notable differences be-
tween eastward and westward as well as symmetric and
antisymmetric components can be discerned. The fea-
ture with the most power in either component or in either
propagating direction is the Madden—Julian oscillation
(MJO; Madden and Julian 1994), occurring mostly at
eastward wavenumbers 1, 2, and 3, and centered at a
period of about 48 daysin OLRS, and to alesser extent
in OLRA. At frequencies less than about 0.1 cpd, there
is greater variance in OLRS than OLRA for almost all
wavenumbers except at wavenumber O, whereit is about
equal. At higher frequencies around 0.2 to 0.3 cpd and
also near wavenumber O the power in OLRA becomes
much more dominant. At even higher frequencies from
around 0.4 to 0.8 cpd it is quite evident that there is
more power in westward versus eastward moving waves
in both OLRA and OLRS.

Besides these general features, any detailed features
of the raw power spectra are somewhat obscured by the
redness of the spectrum. The search for any equatorial
wave modes is dependent on the identification of
““ridges’ in the contours. For this reason we define a
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LOG { BACKGROUND SPECTRUM (OLR) }
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Fic. 2. Zona wavenumber-frequency spectrum of the base-10 logarithm of the ** back-
ground” power calculated by averaging the individual power spectra of Figs. 1a and 1b,
and smoothing many times with a 1-2-1 filter in both wavenumber and frequency. The
contour interval and shading are the same as in Fig. 1.

red background spectrum, which we then remove from
the original spectra, leaving the statistically significant
spectral peaks. The determination of this background is
the subject of the next subsection.

b. Background OLR spectrum

The background spectrum used is presented in Fig.
2. It is calculated by averaging the power of OLRA and
OLRS, and smoothing many times with a 1-2-1 filter
in frequency and wavenumber. The number of passes
of the 1-2-1 filter we have used is 10 in frequency
throughout, and from 10 to 40 in wavenumber, being
10 at low frequencies and 40 at higher frequencies in-
creasing in two different steps. This smoothing is ap-
plied in an attempt to remove any periodic signals that
may be present in the spectraat a particular wavenumber
and frequency, so that the background may characterize
random or nonperiodic processes only. As the smooth-
ing is conservative, the total power of the background,
summed over al wavenumbers and frequencies, is still
identical to that of an average of the total power of the
antisymmetric and symmetric components. However,
the background power is not necessarily identical for

eastward and westward components, presumably be-
cause there are basic-state winds that are advecting
clouds systematically in one direction, or because the
smoothing has not removed all of the systematic wave
propagation. Finally, the background power, by defi-
nition, is the same for antisymmetric and symmetric
components.

Inspection of Fig. 2 reveals that this defined back-
ground is quite smooth, and basically red, with greatest
power at the lowest frequencies and wavenumbers. Nev-
ertheless, it does contain some of the general shape char-
acteristics of the individual spectra of Figs. 1a and 1b.
It is thus likely that the background still retains some
features influencing its shape that might be absent with-
out any periodic wave signals. However, it still hasmuch
utility for our understanding, which will become ap-
parent when it is removed from the individual power
spectra of Figs. 1a and 1b.

c. Satistically significant spectral peaks in OLR

Dividing the individual power spectra of Figs. laand
1b by the background power of Fig. 2 yields the contour
plots shown in Figs. 3a and 3b. The resulting contours
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can be thought of as levels of significance, with peaks
in the individual spectrathat are significantly above (at
the 95% level for 500 dof) the background shown as
shaded. Superimposed upon these two plots are the dis-
persion curves for even and odd meridional mode num-
ber equatorial waves, for various equivalent depths and
for azero wind basic state. The correspondence between
the dispersion curves and regions of the wavenumber-
frequency domain significantly above the background
is good.

Concentrating on the areas of significance corre-
sponding to the dispersion curves, we see signals of (n
= —1) Kelvin, n = 1 equatorial Rossby (ER), n = 0
mixed Rossby-gravity (MRG), n = 0 eastward inertio-
gravity (EIG), n = 1 westward inertio-gravity (WIG),
and n = 2 WIG waves. The eastward moving counter-
parts of the n = 1 and n = 2 inertio-gravity waves
cannot be discerned, nor can higher meridional mode
ER waves. The dispersion curves that best match the
wavenumber-frequency characteristics of these waves
have equivalent depths in the range of about h = 12—
50 m, which is about an order of magnitude smaller than
that for a free wave generated as the peak projection
response to deep convective heating, as will be dis-
cussed in section 6. Based on this forthcoming discus-
sion, such shallow equivalent depths are likely the result
of the way convection is interacting with the dynamics.
The association between the spectral signalsin the con-
vection and the dynamics will be examined in the next
subsection.

Further inspection of the figures shows the statisti-
cally significant appearance of the MJO in OLRS at a
constant frequency around 0.025 cpd for the range of
eastward planetary wavenumbers of 1 through to about
7, which is not along any of the theoretical equatorially
trapped wave dispersion curves. The extension of the
signal of the MJO to wavenumbers that are higher than
what is considered usual for this planetary-scale phe-
nomenon is due to the localization of the power of the
convectively coupled part of thisdisturbanceto the East-
ern Hemisphere (Salby and Hendon 1994). Inspection
of a similar plot, but calculated using a narrower fre-
quency bandwidth (not shown), reveals the separation
of the MJO from the Kelvin wave signal even at wave-
number 1, with a spectral gap in the power ratio oc-
curring at a period of about 25 days.

Another region of the wavenumber-frequency domain
where there are areas of significance that do not cor-
respond to the dispersion curves is in the region of
westward moving synoptic-scale waves with periods
around 3-6 days, mostly in OLRA. Such wavesin trop-
ical convection are well documented in previous studies
(e.g., Takayabu and Nitta 1993; Dunkerton and Baldwin
1995) and are generally termed ‘“‘tropical depression”
(TD) disturbances occurring over a wide range of fre-
guency and wavenumber. There is also aregion of sig-
nificantly large variance around westward moving
wavenumber 6 and a period of about 7 days in OLRS.
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We speculate that this feature is a Doppler-shifted signal
of the n = 1 ER wave, but we will leave the identifi-
cation of this peak to further studies. For now, we are
most interested in the spectral signals that match the
plotted dispersion curves of the equatorial waves.

Further inspection of the signatures of the equatorial
waves in the OLR spectra reveals that, in general, the
greatest significance is seen for the lower (propagating)
wavenumbers, with the significance falling off at around
wavenumbers 8-12. For the zonal-mean component,
only the n = 0 IG wave is significant at a period of
about 4 days. The statistical significance also appears
to be consistently greater for the lower-frequency phe-
nomena, being greatest for the Kelvin wave, ER wave,
and MJO, and least for the n = 2 WIG wave. For the
Kelvin wave, it is also apparent that the lower wave-
number components propagate faster than the higher
wavenumber components. This could be due to the dif-
ferent wavenumber components occurring at different
times when the basic zonal flow differs. We leave more
detailed discussion of these general features for section 5.

Finally, we note that although the statistical signifi-
cance of the spectral peaksin Fig. 3 isspread over many
wavenumbers and frequencies, most of the power is
contained within the peaks at low wavenumbers and
frequencies due to the red background. In fact, the
amount of power present above the background may be
determined by making a subtraction of the background
from each of the power spectra of Fig. 1. When thisis
done (not shown), the most power in the antisymmetric
component appears for the MRG wave for wavenumbers
of around 2—4. For the symmetric component the most
power appears for the MJO, the low wavenumber (and
frequency) components of the n = 1 ER wave, and the
s = 1 and 2 Kelvin waves. Such time- and space scales
should be reflected in the accompanying atmospheric
circulations. As we shall see in section 5, this indeed
appears to be the case, especially for the circulations of
the lower stratosphere.

d. Cross-spectrum analysis with MSU temperatures

The previous subsection has shown that in OLR there
are significant spectral peaks in the wavenumber-fre-
quency domain lying along the dispersion curves of
equatorial wave modes. These spectral peaks occur for
equivalent depths in the range of 12-50 m. It is of
interest to know whether similar spectral peaks occur
in dynamical fields, and whether there is an association,
or apparent coupling, between the convection and the
dynamics for similar equivalent depths. Here we will
use the MSU temperatures and 1000-hPa geopotential
heights as characteristic dynamical fields for the tro-
posphere. To test these ideas we present wavenumber-
frequency cross-spectra between the MSU34 and
MSU23 deep-layer temperatures (Figs. 4a,b), between
OLR and the MSU23 temperatures (Figs. 4c,d), and
between the 1000-hPa geopotential heights and MSU34
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temperatures (Figs. 4e,f). Each calculation has been per-
formed and is presented separately for the antisymmetric
and symmetric components of each field. Contours of
coherence-squared start at a level that has been deter-
mined to show an unbiased statistically significant re-

signal in the dynamics (Figs. 4a,b), as a coherent (cou-
pled) signal between the convection and the dynamics
(Figs. 4c,d), or as a coherent signal between two quite
different dynamical fields (Figs. 4e,[f). Superimposed
upon these plots are the dispersion curves for the equa-
torial waves for the two different equivalent depths of
h = 25 and 200 m, the former being about the typical
scale of the equatorial waves present in the convection
as determined in the previous subsection, and the latter
being the theoretically determined scale of the peak pro-
jection response to an idealized deep tropical convective
heating (to be discussed in section 6). It is of interest
to see which equivalent depth scale appears most prom-
inently in each plot.

Figure 4b shows the cross-spectrum of the symmetric
fluctuations of temperature that are coherent between
the lower and upper troposphere. In the region of the

(SAVQ) qomyad ! ;
2 82888885 22 lationship (at the 95% level for 300 dof; Amos and
RIS e S T <~ B R Koopmans 1963), and phase vectors are drawn only for
i 2, 2 LR those pointsthat are significant. Thusthese pairs of plots
[ 3| 3 N indicate the space and timescales of the dominant var-
i 2 © B Z iability that is present as either a vertically coherent
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Kelvin wave speed found in the same dataset by Bantzer
and Wallace (1996), and also in station wind and pres-
sure data by Milliff and Madden (1996). The latter is
consistent with the speed of the Kelvin wave identified
in the OLR in the previous subsection. The phase vec-
tors indicate that the faster Kelvin wave has a temper-
ature signal that is nearly in phase between the upper
and lower troposphere, with the upper-level perturba-
tions slightly leading the lower, while the slower Kelvin
wave has the upper-tropospheric temperature lagging
the lower-tropospheric temperature by about one-quarter
of acycle. Figure 4asimilarly shows the cross-spectrum
for the antisymmetric tropospheric temperature fluctu-
ations. Again we see an indication of equatorial wave
modes existing for the two separate equivalent depth
scales, with a similar robust change in the phase vectors
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cles in deep convection (see section 2). Nevertheless,
there are still areas of the wavenumber-frequency do-
main that have much higher coherence than elsewhere,
and for these areas the relationship is not exactly in
phase. In particular, the regions of the greatest coherence
in these plots correspond to the MRG, n = 0 EIG, and
Kelvin waveswith about a25-m equivalent depth. These
areas of high coherence occur for a similar range of
wavenumbers and frequencies as for the variations in
OLR aone (Fig. 3). For the MRG and n = 0 EIG waves
the coherence-squared peaks at a value of 0.40, thus
these waves account for around 40% of the tropical
variance of antisymmetric M SU23 temperatures at these
wavenumbers and frequencies. For the Kelvin wave the
coherence-squared peaks at a value of about 0.55. The
phase relationship in each of these areas of peak co-
herence is consistently that of the convection slightly
leading (by about one-eighth of a cycle) low MSU23
temperatures. In contrast to the high coherence between
the OLR and MSU23 for these af orementioned waves,
the n = 1 ER wave does not appear. Presumably this
wave does not have a strong rel ationship with the lower-
tropospheric temperature, or its coherent relationship is
canceled by other variability that has an opposite re-
lationship. Neverthel ess, the strong coherence shown by
the Kelvin, MRG, and n = 0 EIG waves would suggest
that all of the equatorial wave modes shown to be pre-
sent in the OLR spectra (Fig. 3) are *‘coupled’” with the
dynamics. It turns out that these convectively coupled
equatorial waves have wavenumber-frequency charac-
teristics that are quite distinct from those that are most
prominent in the dynamics alone.

To further explore the (presumably) nonconvectively
coupled equatorial waves that correspond to the h ~
200-m equivalent depth, we look at the cross-spectrum
between the 1000-hPa geopotential heights and the
MSU34 temperatures (Figs. 4e,f). Thesetwo fieldswere
chosen because Milliff and Madden (1996) and Bantzer
and Wallace (1996) have previously identified the fast
(~40 m s *) Kelvin waves in these or similar param-
eters. We now see that the regions of largest coherence-
squared now lie preferentially along the h = 200-m
equivalent depth dispersion curves for each of the dif-
ferent wave types present in this wavenumber-frequency
domain. In the regions of this high coherence the phase
relationship tends to be such that warm MSU34 tem-
peratures are slightly (by lessthan one-eighth of acycle)
leading low values of 1000-hPa height. The wave-
number-frequency characteristics of these equatorial
waves are quite distinct from those of the convectively
coupled equatorial waves of Fig. 3.

Hence we have been able to show that the so-called
convectively coupled equatorial waves do show a co-
herent relationship with a dynamical field, and these
waves are somewhat distinct from the most prominent
equatorial waves that appear in the dynamical fields
alone. For the rest of this paper we concentrate on the
convectively coupled waves identified in section 3c.
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e. Seasonal modulation of the OLR spectra

It is possible that what appearsin Fig. 3 is a smeared
version of some much more concentrated (in wave-
number and frequency) spectral peaks occurring at dif-
ferent times and in different parts of the wavenumber-
frequency domain. Hence, it is of interest to know how
robust the spectral peaks of the convectively coupled
equatorial waves in the OLR are for independent sam-
ples of the 18-yr record. Presumably, the convectively
coupled waves would be influenced by the basic state
that they develop in. Some important components of the
basic state that are known to have an influence on the-
oretical and modeled convectively coupled waves are
the basic-state winds (e.g., Zhang and Webster 1989;
Zhang and Geller 1994; Xie and Wang 1996) and the
underlying sea surface temperature (SST) (e.g., Hess et
al. 1993). These components of the basic state vary with
the seasonal cycle and also on interannual timescales
with the ElI Nifio-Southern Oscillation (ENSO) phe-
nomenon.

Figure 5 presents the contours of significance, as in
Fig. 3, for two opposite phases of the seasonal cycle:
southern summer, extending from November to April,
and northern summer, extending from May to Octaober.
It should be noted that we divide by the same back-
ground as in Fig. 2 for the full 18-yr period, allowing
us to compare the variability between the seasons more
directly. Note that the definition of the seasonal cycle
was based on the times of the year when the latitude of
maximum mean tropical convection is either south or
north of the equator (see Meehl 1987). Some differences
in the type of variability acting during these two phases
of the seasonal cycle are apparent. One obvious differ-
ence between the wavenumber-frequency plots is the
increased power that occurs at westward wavenumbers
of about 6 to 15 and at periods around 2.5 to 6 days
for both OLRA and OLRS during May—October. Such
an increase in power at these synoptic scales is related
to the increased predominance of TD-type disturbances
at that time of year, as was previously noted by Dunk-
erton and Baldwin (1995). The fact that such distur-
bances are present on only one side of the equator also
explains the appearance of the signal in both OLRA and
OLRS, unlike the signals of the convectively coupled
equatorial waves. The large region of the wavenumber-
frequency domain that the TD-type disturbances occupy
also differs from the signal of the convectively coupled
equatorial waves, whose spectral peaks are stronger and
more tightly confined along the dispersion curves.

Apart from the substantially weaker appearance of
the TD-type disturbances during southern summer, these
plots show that the convectively coupled equatorial
wave disturbances, except possibly then = 1 ER wave,
do not vary greatly at different times of the year. The
MJO is similarly present in both seasons, although at a
somewhat reduced magnitude in northern summer, con-
sistent with previous studies (e.g., Salby and Hendon



1 FEBRUARY 1999

WHEELER AND KILADIS

385

NOVEMBER TO APRIL 1979-1996 (Southern Summer)

z15 N
@ {255 POWEROLR A}/ rckarounn
8T T 1.25
v 1.33
7 _Q 1.43
T 11.54
6 ? 1.67

q1.82

(%]
j\j
9.

[ A\

v "9
[ [ ]
(o) [av] (=]
(o] oo o
PERIOD (DAYS)

FREQUENCY (CPD)
4 - :
W

15N
b) { X, s POWEROLR )}/ g cxaROUND
8

~

FREQUENCY (CPD)
) N .
PERIOD (D

_@_@_ ______ /12.86
3p 3.33 3
L ( . ~r{4.00
.8
> p 9&5 5.00 2
[/ -\ N6.67
1 E 10.0 B
<> .
l< 420.0
SN -
- n N
-14 -12 -186 -8 & 4 2 2 2 4 ) 8 1w 12 14 -14 -12 -16 -8 -& -4 -2 ) 2 4 6 8 1w 12 14
WESTWARD ZONAL WAVENUMBER, s EASTWARD WESTWARD ZONAL WAVENUMBER, s EASTWARD
MAY TO OCTOBER 1979-1996 (Northern Summer)
15N 15N
&) { %, POWEROLR A }/ g ciarounD o) { X, s POWEROLR 8) }/ grciarounD
8 P ; ,B\||v|v|>|v|0|w116v|'|lw| —=1.25
| e 7
- ! 1.33
7 1.43
<154
6 J1.67
41.82
a.5 = 2.00 _
o Ay [72)
S 2 222%
- > 2
2 .4 2. 2.50 1
5] = (e}
> > 2.86 2
= = E
£ o3k i 3.33
4.00
2 5.00
B 6.67
P . - ‘ 10.0
2 @ ﬁ = da75 20.0
= g’*mé\&:@; = ‘

S

w12 4
EASTWARD

-14 -i2 -1 -8 -6 -4 -2 B® 2 4 6 8
WESTWARD ZONAL WAVENUMBER, s

h L
-14 -12 -16 -8 -6 -4 -2 4} 2 4 & B8

WESTWARD ZONAL WAVENUMBER, s EASTWARD

Fic. 5. (8) Asin Fig. 3a except for the OLRA power calculated only for the November—April season of the 1979-96 record. Note that
the background spectrum used is the same as in Fig. 2. (b) Asin panel a except for the OLRS power for the November—April season. (c)
Asin panel a except for the OLRA power for the May—October season. (d) Asin panel a except for the OLRS power for the May—October

season.

1994). We thus conclude that the spectral signals of the
convectively coupled equatorial waves, as well as the
MJO, are quite robust with respect to the seasonal cycle.
We also note that the appearance of the spectra is not
significantly modified by the phase of ENSO (not

shown), although we might expect that the geographical
regions where a given wave type occurs may be shifted.
Thisisfortunate, as it means that we can filter the OLR
dataset for very specific regions of the wavenumber-
frequency domain to retrieve the time-longitude char-
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acter of the disturbances that are contributing to the
spectral peaks.

4. Wavenumber-frequency filtering

The character of the convectively coupled waves in
the time-longitude domain, and for each latitude, can
be extracted from the total OLR dataset by filtering in
the wavenumber-frequency domain, based on the results
of the previous section. Figure 6 displays the defined
regions of filtering for each wave and superimposes ad-
ditional dispersion curves for more widely varying
equivalent depths. Each of the convectively coupled
equatorial waves we identify is either antisymmetric or
symmetric, whereas the MJO is allowed to include both
components. The regions of filtering are also drawn such
that the outlines are inclusive, meaning that the wave-
number or frequency where the edge of the region is
drawn is included in the filtered dataset. So, as an ex-
ample, for the MJO we include wavenumbers 1-5 and
frequencies from 1/96 cpd through to 1/30 cpd. None
of the defined regions are overlapping in either the an-
tisymmetric or symmetric components. Note also that
we filter for a wider range of equivalent depth (from 8
to 90 m) for the Kelvin, n = 1 ER, and MRG waves,
than we do for the higher frequency inertio-gravity
waves (for which we use from 12 to 50 m). This is
simply because of the fact that the lower frequency
waves appear to occupy a larger range of equivalent
depths, which may be the result of these slower waves
being more affected by Doppler-shifting by the basic-
state zonal wind. Figure 6a also defines aregion for the
s = 0, n = O inertio-gravity wave, which is at the zero
wavenumber only, and extends over equivalent depths
of 890 m.

When the filtering of the symmetric, antisymmetric,
or total OLR datasets is performed for these regions of
the wavenumber-frequency domain, we obtain new
OLR datasets that contain the modes of interest, as well
as certain elements of the random or nonperiodic events
that are contributing to the background spectrum. With-
out any additional information on the sources of the
spectral peaks, this inclusion of the background noise
is unavoidable. As shown below, however, the part of
the red-noise background that is contained within the
filtered data simply appears as a continuum of small
amplitude fluctuations, whereas the wave disturbances
of interest appear as bursts of high-amplitude activity.

a. Geographical distribution of the OLR variance

Figure 7 presents the geographical distributions of the
OLR variance for the seasons of southern summer and
northern summer for each of the different wavenumber-
frequency bands. For comparison, the first set of maps
(Figs. 7a,b) shows the variance for all scales considered
here, which goes from wavenumber O to 15, and fre-
guencies from 1/96 cpd to 0.8 cpd. This encompasses
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the entire domain displayed in Fig. 1, and can be con-
sidered to contain all planetary to synoptic scales. These
two maps display the well-documented shift of the max-
imum variance of the tropical convection from south of
the equator in southern summer to north of the equator
in northern summer (see also Lau and Chan 1988). The
main centers of convective variance on these scales lie
over the Indian to western Pacific Ocean sectors, South
America, and Africa. Note that the contour interval for
these first two maps is 10 times that of the following
ones.

The next two maps (Figs. 7¢,d) present the geograph-
ical distribution of the OLR variance for the MJO-band
for the respective seasons. The MJO, defined here as
having both symmetric and antisymmetric components
about the equator, also shifts its latitudinal position
throughout the year. Consistent with other studies (e.g.,
Weickmann and Khalsa 1990; Salby and Hendon 1994),
the variance of the MJO-band is mostly confined to the
eastern Indian Ocean and western Pacific sectors, and
in these regions can be seen to explain more than 10%
of the variance of all the scales presented in Figs. 7a
and 7b.

Moving on to the geographical distributions of the
variance of the different equatorial waves, we present
in Figs. 7e and 7f the variance of the convectively cou-
pled Kelvin wave. Compared to the convective signal
of the MJO, the OLR variance of the convectively cou-
pled Kelvin wave is of a similar magnitude, is more
global in its occurrence, and more confined to the equa-
tor. It also occurs throughout the year, but with a max-
imum of variance in southern summer, especially in the
Atlantic sector.

Figs. 7g and 7h display the geographical distribution
of variancefor the convectively coupled n = 1 ER wave.
Like the Kelvin wave, this wave is symmetric, yet we
see that the variance of its OLR signal is maximized
off the equator at about 12° lat. This is consistent with
the theoretical shallow water ER wave, which has max-
imum divergence off the equator (Matsuno 1966), and
is also consistent with previous observations of such
waves (Kiladis and Wheeler 1995). The wave also has
a nonzero convective signal on the equator, as in the
theoretical structure. Further, the signal of the convec-
tively coupled ER wave is maximized in southern sum-
mer throughout the Indian to western Pacific sectors. In
the regions of northern Australia or the Philippines, the
variance is greater than that of the convectively coupled
Kelvin wave, and is comparable to that of the MJO.

Compared to that of the n = 1 ER wave, the variance
of the convectively coupled MRG wave (Figs. 7i,j) is
of a smaller magnitude and is shifted to a position cen-
tered on the dateline, to the east of the main center of
far western Pacific convection. This location, as well as
its maximum variance in our defined northern summer
season, is consistent with that found in the observational
study of Hendon and Liebmann (1991). It isalso notable
that the locations of maximum variance, at about 8° lat,
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. 9) Variance of n=1 ER band (Southern Summer) Interval =15 (W m'2)2
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are shifted equatorward compared to that of the con-
vectively coupled n = 1 ER wave. This equatorward
shift is also noticeable for then = O EIGand n = 2
WIG waves (Figs. 7k, 71, 70, and 7p). This detail is a
further consistency between the shallow water theory
and these observed waves (as can be seen, e.g., in Fig.
1 of Takayabu 1994a), and the equivalent depth that can
be calculated from this meridional scaling is within the
range of those calculated from the spectra. Note, how-
ever, that thislast calculation involves some uncertainty
due to the fourth-root dependence of the meridional
scaling to the equivalent depth.

Variance of the convectively coupled n = 0 EIG wave
(Figs. 7k,l) is of asimilar magnitude to the convectively
coupled MRG wave, and is aso centered at about the
dateline and off the equator. Then = 1 WIG wave (Figs.
7m,n), on the other hand, is maximized on the equator,
and is situated more to the west and within the envelope
of the main convection. The OLR variance of thiswave
is even more confined to the equator than that of the
convectively coupled Kelvin wave, yet another consis-

tent feature between these observations and the shallow
water equatorial waves. Finally, the geographical dis-
tribution of the variance of the n = 2 WIG wave band
isdisplayed in Figs. 70 and 7p. It is maximized off the
equator, centered around 160°E, and shows little sea-
sonal variation. This convectively coupled wave mode
explains the least amount of OLR variance of all of the
wave types isolated in this study.

b. Time-longitude realizations

The final results of this paper are a presentation of
the wave-type-filtered OLR datasets for a sample 6-
month period, and for comparison, the total OLR field
for this same period. The 6-month period that we have
chosen to display extends from September 1992 to the
end of February 1993, which brackets the period of
intensive observations of the Tropical Ocean Global At-
mosphere (TOGA) Coupled Ocean—-Atmosphere Re-
sponse Experiment (COARE; Webster and L ukas 1992).
Thisis aperiod of special interest for many researchers
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studying large-scale circulation and convection (e.g.,
Takayabu 1994b; Gutzler et al. 1994; Lin and Johnson
1996; Chen et al. 1996).

We first present the time-longitude section of thetotal
OLR field (Fig. 8), shown at itsfull 2.5° long and twice-
daily time resolution. The OLR has been averaged over
10°S-2.5°N, which brackets the mean latitudinal posi-
tion of maximum convective activity during this north-
ern fall to southern summer period. The three longitu-
dinal centers of maximum convective activity clearly
stand out, as does diurnal variability. Also prominent is
the organization of convective activity into zonally
propagating systems. We may classify many of these
propagating systems as different convectively coupled
equatorial wave modes, such as those features indicated
by the black lines, circles, and crosses. First we will
examine the convective signals that can be associated
with the MJO.

Figure 9a shows the same time-longitude section as
Fig. 8, but for the MJO-filtered band only. We see that
the negative anomalies of the MJO comprise the slow
progressions of convective activity from the Indian
Ocean to the western Pacific, most prominent in this
example during December and January. The two major
events of December and January are propagating east-
ward at about 4 and 6 m s, respectively, and appear
to be dominated by zonal wavenumber 2, quite typical
of the MJO (Madden and Julian 1994). In contrast, the
convectively coupled Kelvin wave (Fig. 9b) is much
faster, and can be seen to have much more widely vary-
ing time and space scales during these 6 months. Many
of the individual events displayed in this figure can be
readily identified in the total field. Concentrating first
on the late December to early January period, we see
that there is quite a broad wavenumber 1 component
evident, which is highlighted with the long continuous
and dashed lines drawn on Figs. 8 and 9 for a phase
speed of about 18 m st. These dashed lines in fact
extend around the globe. This wavenumber 1 convec-
tively coupled Kelvin wave component is evident in the
total field as well, starting in the South American and
Atlantic sectors and propagating all the way into the
Indian and western Pacific Ocean sector. In February
there are more strong signatures of the convectively
coupled Kelvin wave, one of which is highlighted with
a dotted line in the Eastern Hemisphere. This second
case can be seen to have a higher wavenumber com-
ponent and a phase speed of around 16 m s,

Turning now to the OLR anomalies of then = 1 ER
wave-filtered dataset during this period (Fig. 9c), we see
that one of the most prominent features is in the form
of a wave packet around the period of mid November
to mid December at about 160°E. The large-scale cir-
culations associated with these particular ER waveswas
discussed by Kiladis and Wheeler (1995). The individ-
ual elements of this wave packet are propagating to the
west with a phase speed of about 5 m s~ (as marked
with lines), while the group speed has a slow eastward
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component. These marked features are also evident
within the total OLR field as a fluctuation with a time-
scale around 15 days. The amplitude of the anomalies
produced by this wave type are quite significant, being
greater than 20 W m~2 during this case.

The OLR signals of the convectively coupled MRG
wave are displayed in time-longitude form in Fig. 9d.
In this plot the contour interval is reduced to 6 W m=2,
because this wave has a smaller amplitude signal than
the other convectively coupled planetary-scale waves,
which is partly the result of averaging the antisymmetric
OLR signal over latitudes that span the equator. This
wave is also noticeably organized into wave packets,
like the n = 1 ER wave, but unlike the convectively
coupled Kelvin wave. The group progression of con-
vectively coupled MRG waves is to the east at around
5 m s, whereas the individual phases, as highlighted
by three crosses during September, are propagating to
the west at fairly widely varying phase speeds of around
20 m s . These three highlighted features are also no-
ticeable in the total OLR field.

Turning now to the higher-frequency inertio-gravity
waves, we combine the filtered anomalies of then = 0
EIGand s = 0, n = 0 IG waves in Fig. 9e, and we
combine the filtered anomalies of the n = 1 WIG and
n = 2 WIG waves in Fig. 9f. The small circles of Fig.
9e highlight some strong phases of then = 0 EIG waves,
and the large circle of Fig. 9f outlines a particularly
strong group of WIG waves. These, respectively, 3-day
and 2-day timescale waves are also discernible in the
total OLR field. Again, we also see noticeable group
progressions for these waves, being eastward for the n
= 0 EIG waves and westward for the WIG waves. Typ-
ical phase speeds are around 25-50 m st for the n =
0 EIG wave and 15-35 m s~ for the WIG waves. Spatial
scales are on the order of 1500-3000 km for a half-
wavelength, with the EIG wave being on the larger end
of this scale. Like all of the time-longitude sections of
the different wave types, the high-amplitude features
appear as somewhat infrequent bursts of convective ac-
tivity. Components of the red background, that are in-
evitably included in these filtered datasets, are hidden
by our choice to omit the zero contour for these plots.

5. Summary of wave types

Each wave disturbance that has been isolated in the
OLR spectra will be summarized to place the results
shown here into context with those of previous studies.
As this study has looked at the majority of the spectral
peaks of tropical convection in the range of planetary
to synoptic scales, and from intraseasonal timescales
down to a period of 1.25 days, numerous previous stud-
ies that have focused on subsets of this wavenumber-
frequency domain will be highlighted. For this we con-
centrate on the convectively coupled equatorial waves.
These waves are much less well known and much less
previously studied than the MJO or TD-type distur-
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bances. These latter two types of disturbances could be
classified as convectively coupled, but not simple equa-
torial waves, dueto their location away from the shallow
water wave dispersion curves in the wavenumber-fre-
quency domain.

a. Kelvin wave

We have shown that this wave globally explains about
the same amount of convective variance as the MJO,
yet is quite different to the MJO in many respects. It is
faster, occurs over a larger range of wavenumbers and
frequencies, ismore global initsoccurrenceinlongitude
asaconvectively coupled signal, and more meridionally
confined and centered on the equator. Previous obser-
vational studies of disturbances that are similar to what
we have called the convectively coupled Kelvin wave
are those of Nakazawa (1988), Hayashi and Nakazawa
(1989), Takayabu and Murakami (1991), and Dunkerton
and Crum (1995). Those studies termed these distur-
bances ‘“‘superclusters,” although it appears that what
is typically thought of as a supercluster moves a little
slower than the convectively coupled Kelvin wave dis-
turbances found to be most statistically significant here
(10-15 m st compared to about 11-22 m st). Some
of this discrepancy can be explained by the fact that the
superclusters of the previous studies were of a wave-
number scale of about 6-15, which, as can be calculated
from Fig. 3b, would correspond to a somewhat slower
propagation speed. Nakazawa (1986), on the other hand,
obtained a typical eastward phase speed of about 18 m
st for synoptic envelopes of convection within the
MJO, much the same as that obtained for the Kelvin
modes here.

There have also been several theoretical studies of
Kelvin waves. As an example, Chang and Lim (1988)
studied the theory of the Kelvin wave-CISK modes on
the equatorial B-plane, although they were motivated
by an explanation for the MJO, and not the convectively
coupled Kelvin waves that we have shown here to be
distinctly different to the MJO. This suggests that some
of the theoretical studies of the MJO that produce dis-
turbances that are seemingly too fast, might in fact be
a more adequate theoretical explanation of the convec-
tively coupled Kelvin waves.

b. n = 1 ER wave

Globally, the n = 1 ER wave explains somewhat |ess
convective variance than the MJO or the convectively
coupled Kelvin wave. In a few off-equatorial regions,
however, such as Northern Australia or around the Phil-
ippines, this variance is greater than that of the Kelvin
wave, and comparable to that of the MJO. It would thus
seem that real-time monitoring of the convectively cou-
pled n = 1 ER wave could have important implications
for extended-range weather prediction in those regions.
Kiladis and Wheeler (1995) looked in detail at n = 1
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ER waves and their links to convection and noted the
typical scale of wavenumber 6 and a period around 10—
15 days in the Pacific sector. Thisis in agreement with
the scales shown to be of prominence here, although we
also point to the predominance of lower wavenumber
and lower frequency disturbancesthat lie along asimilar
dispersion curve. Kiladis and Wheeler (1995) also es-
timated the phase speeds of the disturbances across the
Pacific to be in the range of 5-10 m s*, which is a
little faster than what we have been shown to be typical
here. The reason for this discrepancy likely relates to
the fact that here we have concentrated on the deep
convective signal, whereas our earlier study concen-
trated on the circulation features. As we will discussin
the next section, and as evident in the cross-spectrain
Fig. 4, an association with convection appears to slow
the waves when compared to equivalent dry modes.

c. MRG wave

In terms of the amount of variance explained globally,
the convectively coupled MRG wave appears to be the
next in importance after the ER wave. This wave type
has been the subject of much research. Zangvil (1975),
Zangvil and Yanai (1981), Liebmann and Hendon
(1990), Hendon and Liebmann (1991), Takayabu and
Nitta (1993), and Dunkerton and Baldwin (1995) are
among the many studiesthat have looked at the coupling
of convection with MRG waves around the region of
the dateline. These papers have also emphasized the
distinction between the convectively coupled MRG
waves and the TD-type disturbances, with the latter hav-
ing a similar frequency but being more confined to the
western Pacific.

We are also able to show the distinction between the
convectively coupled MRG waves and TD-type distur-
bances within the space-time spectra (Fig. 5). The MRG
waves are of lower wavenumber (wavenumbers 1-5)
and also only present in the antisymmetric component
of OLR. Also of note is the geographical position of
the maximum convective signal of the convectively cou-
pled MRG wave to the east of the main center of con-
vection in Figs. 7i and 7j, near the dateline. Hendon and
Liebmann (1991) postul ated that the waves may be gen-
erated in this region due to the unique meridional dis-
tribution of SSTs there. Extratropical wave energy as
another possible source for MRG disturbances has also
been discussed by Magaha and Yanai (1995). Given the
eastward group speed of such waves, the existence of
the highly varying and strong convective signal of the
western Pacific cannot be ruled out as an additional
source. A typical scenario for the generation of such
waves may be that the mostly red-noise background
spectrum of tropical convection intermittently has a
strong projection onto the frequency and wavenumber
scales of the convectively coupled equatorial waves.
Why the particular equivalent depth-scale of the con-
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e) n=0 EIG + s=0 n=0 IG wave filtering
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f) n=1 WIG + n=2 WIG wave filtering
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FiG. 9 (Continued) (e) The n = 0 EIG wave-filtered plus the s = 0, n = 0 |G wavefiltered band. (f) Then = 1 WIG
wave-filtered plus the n = 2 WIG wave-filtered bands.

vectively coupled waves is chosen is a good topic for
future study.

d. n = 0 EIG wave

The convectively coupled n = 0 EIG wave explains
asimilar amount of variance asthe convectively coupled
MRG wave, and also has a similar geographical distri-
bution. A prominent difference, however, is that it has
eastward phase propagation with speeds between about
25-50 m s, and it also includes awider range of spatial
scales, with a significant signal extending out to about
wavenumber 12. To our knowledge, this convectively
coupled wave has not been observed in any detail else-
where. Of particular interest is the zonal-mean signal of
this wave near a period of 4 days.

e n=1andn =2 WG waves

These convectively coupled waves together explain
the predominance of westward moving organizations of
mesoscal e convective activity on the 1.25-2.5-day time-
scale. Such organizations have a spatial scale on the
order of 2000 km, and their existence can be seen within
the time-longitude plots of Nakazawa (1988), Mapes
and Houze (1993), Takayabu (1994b), and Hendon and
Liebmann (1994). Like the study of Takayabu (1994b),
we find that these westward moving signals in the con-
vection have wavenumber-frequency relationslikethose

of then = 1 and n = 2 WIG waves. The scales that
have most power are for wavenumbers from around 4
to 14 for the n = 1 wave (Fig. 1b) and from wave-
numbers 1 to 10 for the n = 2 wave (Fig. 1a). The
absence of the counterparts of these waves in the east-
ward moving direction has been hypothesized to be the
result of the more complex latitudinal distribution of
divergence of then = 1 and n = 2 EIG waves (Takayabu
1994b). Indeed, this hypothesis relates back to the work
of Lindzen (1974) on wave-CISK in the Tropics, in
which he found that the latitudinal distribution of warm
and moist conditions favorable for deep convection,
combined with the meridional structure of the diver-
gence field of the eastward n = 1 and n = 2 inertio-
gravity waves, made these waves more dynamically sta-
ble. The same reasoning may be used to explain the
absence of higher meridional mode-numbered inertio-
gravity and Rosshy waves in the spectra as well, an
argument that is independent of the specific choice of
convective parameterization.

Also of interest is the correspondence of some of the
spectral peaks in tropical convection with some of the
observed equatorial waves of the lower stratosphere.
The wavenumber 1 and 2 spectral peaks of the con-
vectively coupled Kelvin wave at periods of 20 and 10
days, respectively, (Fig. 3b) are like that found by Wal-
lace and Kousky (1968) in the circulation of the lower
stratosphere. Indeed, the wavenumber 1 convectively
coupled Kelvin wave during January 1993 (Fig. 9b)
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occurred at the sametime as astrong Kelvin wave signal
of similar frequency in the lower stratosphere (see Gut-
Zler et a. 1994). For the convectively coupled MRG
wave, there is statistically significant power at periods
of around 4-5 days (Fig. 3a), which coincides quite
nicely with the timescale of the lower-stratospheric
MRG waves as observed by Yanai and Maruyama
(1966) in the circulation. It is likely that the preferred
scales of the other convectively coupled equatorial
waves should also be reproduced in the lower strato-
sphere, especially for the faster moving inertio-gravity
waves that are less affected by the basic-state zonal
winds.

6. Discussion of the equivalent depth

In this paper we have shown that there are spectral
peaks in OLR that imply equivalent depths for convec-
tively coupled equatorial waves in the range of 12-50
m (Fig. 3). We have also shown that there are prominent
spectral peaks in the dynamical fields alone that occur
for deeper equivalent depths of around h = 200 m (Figs.
4e,f). The significance of these equivalent depths for the
convectively coupled and nonconvectively coupled
waves of the troposphere deserves some discussion. Ob-
viously, it will beimportant to try to distinguish between
those waves that are forcing, and those that are forced
by deep convection.

As aready mentioned, the equivalent depth formally
appears as a separation constant linking the vertical
structure equation and the shallow water equations (e.g.,
Lindzen 1967), and is obtained as an eigenvalue for
each solution of the vertical structure equation. For sta-
bility conditions representative of the tropical tropo-
sphere, dry wave motions with a half-wavelength ver-
tical structure extending over the depth of the tropo-
sphere, or full vertical wavelength of about L, = 28
km, have equivalent depths of around h = 200 m.2 As
h approximately scales with the square of L,, a vertical
wavelength of about 14 km corresponds to an equivalent
depth of about 50 m. The relationship between h and
L, also depends upon the static stability, such that L, is
smaller for a given h in regions of high stability (such
as the lower stratosphere), or h is smaller for a given
L, in regions of low stability (such as the upper tro-
posphere).

To relate h to the vertical modes forced by the con-
vection, we consider the response of the tropical tro-
posphere to an isolated diabatic convective heating—
that is, one that is subsequently turned off. The equa-
torial wave vertical projection response consists of a

2This calculation was made for an atmosphere with a constant
lapse rate of dT/dz = —7 K km~* and mean temperature of 250 K.
See Holton (1970) for the appropriate equation in a constant lapse
rate atmosphere, and Fulton and Schubert (1985) for calculations in
an atmosphere of arbitrary lapse rate.
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continuum of scales centered about vertical wavelengths
twice the effective depth of the heating (e.g., Chang
1976; Fulton and Schubert 1985; Salby and Garcia
1987). For deep convective heating extending over a
depth of about 14 km (e.g., Frank and McBride 1989),
the projection thus gives a vertical wavelength scale
centered around L, = 28 km and equivalent depth of
around h = 200 m. Wave motions with this vertical
scale, or a half-wavelength within the troposphere, are
generally observed to be the most energetic in the dy-
namical fields of the tropical troposphere (Silva Dias
1986), and are sometimes referred to as the tropospheric
first-baroclinic vertical mode (e.g., Milliff and Madden
1996). We have referred to this vertical mode as the
peak projection response to deep convective heating,
and it is quite prominent in the spectra of the dynamical
fields (e.g., Figs 4e,f). More detailed cal culations of the
projection response using observed profiles of diabatic
heating and static stability (Fulton and Schubert 1985;
Mapes and Houze 1995) determine the internal gravity
wave speed of the peak projection response to be around
40-50 m s, consistent with the equivalent depth of
around 200 m considered here. Besides this peak pro-
jection response to deep convective heating, however,
in recent years it has become increasingly apparent that
there is also the more shallow response from the heating
profile associated with the stratiform precipitation of
older convective cells (e.g., Houze 1982; Hartmann et
al. 1984). Mapes and Houze (1995) estimated that the
vertical mode produced by this secondary heating pro-
file has a vertical wavelength about half as great, and
thus an equivalent depth one-quarter as large.

A further issue concerns the mechanism that deter-
mines the equivalent depth of the equatorial waves as-
sociated with deep convection. The present study, like
previous observational studies(e.g., Liebmann and Hen-
don 1990; Takayabu 1994a), has shown that the equiv-
alent depth linked with the large-scale convective dis-
turbances of the Tropics is much smaller than the equiv-
alent depth of the peak projection response. There are
two main schools of thought of why this may be so.
One is that the latent heat release occurs in regions of
upward motion, which compensates the reduction in
perturbation temperature due to lifting, and thus effec-
tively reduces the static stability, slowing the waves
(e.g., Gill 1982; Emanuel et al. 1994). The other is that
the shallower, but less energetic, vertical mode of strat-
iform precipitation, as shown to exist in the observations
of Mapes and Houze (1995), is more important for pro-
viding the environment for subsequent convection to
occur (see also Lindzen 1974; Stevens et a. 1977; Ma-
pes 1997). Such a shallower mode would have a smaller
equivalent depth and be associated with slower phase
speeds. Of course, diabatic heating within precipitating
deep convection is an inherently nonlinear process as
there is no equivalent negative heating (e.g., Lau and
Peng 1987). Also, within the heating region the vertical
scal e of the response should resemble that of the heating
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itself (e.g., Salby and Garcia 1987), and it becomes
possible for a coalescence of two internal vertical modes
to produce slow-moving disturbances (e.g., Chang and
Lim 1988).

Ultimately, it is important to know which convec-
tively coupled wave disturbances are important in the
real world, and for what wavenumbers and frequencies
they are prominent. As opposed to the free (dry) dis-
turbances shown to exist in the dynamics alone, such
convectively coupled waves are generally not well sim-
ulated in general circulation models, presumably due to
the importance of and sensitivity to the cumulus param-
eterization. We believe that further detailed study of the
convectively coupled equatorial waveswill provide new
insight into the large-scale moist dynamics of the trop-
ical troposphere.

7. Conclusions

Wavenumber-frequency spectral analysis of satellite-
observed OLR shows the broad nature of the spectrum
of deep tropical convection to be red in both wave-
number and frequency, but with some distinct spectral
peaks. Removing an estimated red background spectrum
reveals that some of these spectral peaks correspond
quite well with the dispersion relations of the equato-
rially trapped wave modes of shallow water theory.
These so-called convectively coupled equatorial waves
have a common equivalent depth of around 12-50 m,
which is thought to be a result of how the convection
isinteracting with the dynamics. In the dynamical fields
there are also prominent signatures of equatorial waves
that correspond to deeper equivalent depths of around
h = 200 m. These presumably nonconvectively coupled
waves can be explained to be a result of the peak pro-
jection response to deep convective heating. The con-
vectively coupled equatorial waves we have isolated are
the Kelvin, n = 1 equatorial Rossby (ER), mixed Ross-
by-gravity (MRG), n = 0 eastward inertio-gravity
(EIG), (n = 1) westward inertio-gravity (WIG), and n
= 2 WIG waves. The Madden—Julian oscillation (MJO)
and the tropical depression-type (TD-type) disturbances
are also present in the spectra.

Some of the wave types corresponding to peaks in
the OLR wavenumber-frequency spectra have been
studied in detail by other researchers. It is also the case
that some of the wave types mentioned here have re-
ceived little attention in the past, most notably the con-
vectively coupled n = 1 ER wave, and three different
convectively coupled inertio-gravity waves. This paper
attempts to put al of the wave types that can be iden-
tified in the OLR field into perspective with each other,
and with the seemingly random and nonperiodic vari-
ations of deep convection that contributeto thered-noise
background spectrum.

Compared to the MJO, the convectively coupled
Kelvin wave is faster, more global in its occurrence as
a convectively coupled signal, and more confined to the

WHEELER AND KILADIS

397

equator. The convectively coupled ER wave hasits max-
imum variance off the equator in the region of the Indian
Ocean to the western Pacific Ocean, whereas both the
MRG and n = 0 EIG waves are shown to be maximized
around the region of the dateline. Each convectively
coupled wave can aso be identified in the total OLR
field at some stage during a sample 6-month period of
the record.

A typical scenario for the generation of convectively
coupled equatorial waves, in addition to that of extra-
tropical forcing (e.g., Magana and Yanai 1995; Kiladis
1998), may be that the mostly red-noise background
spectrum of tropical convection intermittently has a
strong projection onto the frequency and wavenumber
scales of the convectively coupled equatorial waves. As
these scales are the most optimal for an association be-
tween the dynamics and tropical convection, the pro-
jection produces a packet of the convectively coupled
equatorial waves that can further interact with the con-
vection. It would seem likely that the convectively cou-
pled equatorial waves, once generated, are inherently
more predictable than weather variations that produce
the red-noise background. Extended-range prediction of
weather in the Tropics may benefit by consideration of
these waves. For example, predictions of weekly weath-
er trends around tropical Australiaand Indonesiaalready
rely on information about the phase of the MJO.

It is also hoped that this study will provide further
insight toward answering the question of why large-
scale variations of deep convection occur when and
where they do. This question is quite relevant to the so-
called closure problem of cumulus parameterization. It
is shown here that an equivalent depth on the order of
25 m is the most optimal for an association of equa-
torialy trapped waves with convection. This is not to
say that all equatorially trapped waves within the trop-
ical troposphere should have phase speeds and scales
that would match such an equivalent depth. Waves that
are not associated with convection are theoretically able
to match any equivalent depth scale depending on their
vertical structure. The nature of the interaction between
convection and dynamicsis of crucial importance to the
theory and modeling of the tropical atmosphere. It is
noteworthy that wavenumber-frequency spectra calcu-
lated for a GCM precipitation field by Hayashi and
Golder (1994) show little evidence of the convectively
coupled equatorial waves.

Finally, the correspondence of some of the strongest
statistically significant disturbances in the convection,
as shown here, with the wavenumber and frequency
characteristics of some of the observed waves of the
lower stratosphere is of great interest. Work is in pro-
gress to calculate the structure of the circulations as-
sociated with each of the statistically significant distur-
bances.
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